This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. cortices. Increased activation in EI subjects also was observed on a visually-guided saccade task in several sensorimotor regions including the frontal and parietal eye fields and striatum. On the procedural learning task, electrical injury patients exhibited significantly less activation in middle frontal gyrus, anterior cingulate cortex and the frontal eye fields than controls. This is the first study to document task-dependent, systemlevel cortical and subcortical dysfunction in individuals who had experienced an electrical shock trauma.
INTRODUCTION
Electrical injuries (EI) can result from contact with an electrical power source. As the point of electrical contact is most often an extremity, damage to the peripheral nervous system commonly occurs through breakdown of cellular membranes via electroporation and electroconformational changes in membrane proteins (Lee, 1997) .
Neuropsychological studies have shown that cognitive changes occur in EI survivors, even in cases in which the head was not in direct contact with the electrical power source (Pliskin et al., 1999) . Pliskin and colleagues (2006) found that EI patients demonstrated deficits on measures of attention, mental speed and motor skills that were independent of secondary medical or psychiatric complications. The presence of neuropsychological deficits following peripheral EI suggests an effect of electrical exposure on central nervous system function, although direct evidence for deficits in the neural substrates of higher cognitive function is lacking.
There have been few neuroimaging studies and no functional imaging studies examining brain changes following EI. Neuroimaging studies have yielded inconsistent findings of structural and perfusion abnormalities, including basal ganglia lesions (Sahiner et al., 2002) and hypoperfusion in mesial temporal cortex and the caudate nucleus (Deveci et al., 2002) . The use of functional magnetic resonance imaging (fMRI) provides an approach for probing the functional capacity of the neural substrates involved in cognitive functions, and how such systems might be affected following EI. Functional MRI investigations using oculomotor tasks can be informative about regional neurological dysfunction and potentially provide a translational platform for research in this area. Sensorimotor control of eye movements is provided by frontal, supplementary, and parietal eye fields. Dorsolateral prefrontal cortex, anterior cingulate and dorsal striatum have also been shown to play greater roles in the cognitive control of eye movement activity as is required for working memory and procedural learning (Luna et al., 2002; Simo et al., 2005) . Examination of the functional integrity of neural substrates of oculomotor control therefore provides a potentially useful tool to probe the neuronal circuitry of widely distributed neural systems supporting cognitive processes after trauma to the brain such as may result from EI.
The present study is the first to examine differences in patterns of neural activation between EI patients and matched healthy individuals. The oculomotor tasks used in the current study were chosen to evaluate cognitive abilities previously found to be impaired in neuropsychological studies of EI patients, specifically working memory and learning (Pliskin et al., 2006; Pliskin et al., 1999) .
METHODS

Participants
Participants included groups of 14 adult individuals who sustained an EI from domestic or commercial power sources that required medical intervention and 15 medically healthy adult individuals that were matched on age and premorbid IQ (Table 1) . Exclusion criteria for all subjects included a history of psychiatric treatment, neurological disorder unrelated to EI, a history of learning disability, traumatic head injury, or direct contact of the head with the electricity source, and conventional contraindications to MRI studies.
All participants underwent a semi-structured clinical interview (Structured Clinical Interview for DSM-IV Axis I Disorders, SCID) administered by a psychiatrist or psychologist to assess current and lifetime psychiatric status. In the EI group, post-EI psychiatric disorders were co-morbid major depression and post-traumatic stress disorder (PTSD) in six of the subjects. One EI subject reported a history of depressive symptoms preceding the EI. Ten EI subjects reported taking prescription psychiatric medications: seven were taking antidepressants, five of which also reported taking antianxiety medications, all benzodiazepines; two subjects reported taking antidepressant and antiseizure medication for mood regulation rather than seizure activity; and one subject reported taking antipsychotic and stimulant medication. None of the healthy control subjects met DSM-IV criteria for current or lifetime psychiatric disorder or reported taking psychiatric medications. Following the EI, nine subjects reported chronic peripheral pain. Seven of the subjects reported taking prescription pain medication, 80% of which were opiods. Nine of the EI subjects had unremarkable structural brain MRI exams, and five were noted to have small-unspecified T2 hyperintensities of unknown significance. All healthy control subjects denied any current significant medical condition and all had unremarkable structural MRIs.
At study enrollment, 9 of the EI subjects were on disability or unemployed, while the rest were full-time employees. Estimated exposure to voltage during EI ranged from 220V to 480V in 6 of the subjects. Three subjects were presumably exposed to 7200V. (Luna et al, 2002) , with the type of trial determined by the color of the central fixation cue. Each block had four 8-second trials. Thus, while the blocks were similar in motor demands, the ODR block had the crucial requirement to maintain spatial location information in visual working memory during delay periods.
Procedural Learning Paradigm
This task included three different block types: visually guided saccades (VGS), predictive saccades (PRED), and visual fixation, as in previous studies in our laboratory (Simo et al., 2005) . In both the VGS and PRED blocks, targets consisted of a small white dot that stepped between locations in the horizontal plane. For all tasks, subjects were instructed to direct their gaze onto the target on the screen. In VGS and PRED blocks, targets were presented at one of 7 possible locations (+/-9, 6, 3 degrees and 0 degrees). Three degree target steps occurred every 1000 ms. In the VGS task, target movement to the left or right was unpredictable except when at the 9 degree location the target always moved toward center. In the PRED blocks, target position alternated in 3 deg steps between two specific locations. The transition between tasks was not cued, and was made from the last target position of the prior condition. Thus, it was left up to subjects to learn to utilize target predictability for initiating responses. When subjects learn target location will be predictable, they quickly learn to initiate saccades with much briefer latency, often before target appearance, and to rely more on prefrontal circuitry and less on sensorimotor systems to initiate response (Simo et al., 2005) . VGS and PRED blocks were balanced in terms of the number of saccades required to perform each task (1 per sec), their amplitude (3 deg) and their direction.
The task also included five fixation blocks that lasted for 30 sec and were presented at the beginning and after every four saccade blocks to provide rest periods and a baseline condition. In fixation blocks, subjects were instructed to fixate a crosshair in the middle of the screen.
A commercial MR-compatible limbus tracking system (Cambridge Research Systems) that samples eye position at 1000 Hertz was used to record eye movements during MR studies.
MRI Scanning
Brain imaging was performed on a clinical 3.0 Tesla scanner (Signa, This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. 
General Electric Medical Systems). Single shot gradient-echo echo-planar
Functional Data Analysis
Functional data from each subject was preprocessed using FIASCO 5.2 (Functional Imaging Software-Computational Olio; Eddy et al., 1996) software to correct for movement and scanner artifacts, shift the time series 6 sec to compensate for delayed blood oxygen level-dependent (BOLD) response to blocks of stimuli, and generate functional activation maps based on voxel-wise t-tests between conditions in each task for individual subjects. For the ODR paradigm, ODR and VGS blocks were contrasted, and for PRED, two contrasts were examined: VGS blocks with fixation to assess basic sensorimotor processes involved in supporting saccades, and PRED blocks were contrasted with VGS blocks to assess activation associated with predicting target timing and location. AFNI (Analysis of Functional NeuroImages; Cox, 1996) software was used to This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. Prior to group comparison, individual subjects' t-maps were resampled to 3x3x3mm voxels (in-plane voxel dimension at acquisition), and transformed to effect size maps expressed as Fisher z' statistics. Significant group differences in task-related activation were identified with a contiguity threshold which defined volumes of contiguous activated voxels with a volume of at least 270 mm³ in which voxels had individual z-values of 2.58 or greater, and a connection radius of no more than 3.1 mm. These parameters were determined with AFNI AlphaSim Monte Carlo simulations to preserve an experiment-wise Type 1 error rate of p < 0.025.
Regions of interest (ROIs) were used to characterize between-group differences in anatomically defined regions known a priori to support task performance. These were developed in Talairach space in an independent group of 15 healthy individuals. The ROIs, as well as the rationale for ROI definitions, are available at http://ccm.psych.uic.edu/Reseach/NormalBrain/ROI_rules.htm.
RESULTS
Demographic and cognitive characteristics
There were no significant between group differences in age and IQ. EI patients performed more poorly on a measure of immediate recall for This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. (Table 2) .
Eye Movement Measurements
There were no significant main effects or interaction effects for any saccade measure in relation to saccade direction or target step amplitude.
Therefore, data were collapsed across these dimensions for statistical analyses. On the ODR task, there were no significant group differences in latency or accuracy of primary saccades to remembered target locations.
For the PRED task, in order to examine the change in saccade latency over the course of the task, primary saccades in the 20 trials in each block were collapsed into three sub-blocks for statistical analysis (block 1 trials 1-6; block 2 trials 7-13; and block 3, trials 14-20). While both groups showed speeding of response latencies over trials (Table 3) , there were no significant group differences in saccade latency reduction over trials. In order to examine qualitative aspects of task performance (internally generated predictive saccades vs sensory-driven visually elicited responses), each primary saccade was classified as a predictive saccade when response latency was less than 90ms. The two groups did not differ in the proportion of predictive saccades ( (Pliskin et al., 2006; Pliskin et al., 1999) .
In the analysis of activation associated with making visually guided saccades vs. central fixation, EI subjects exhibited a pattern of increased activation in brain regions supporting sensorimotor and attentional control of eye movement activity. The generation of visually-guided saccades and related visual attention are mediated at the neocortical level by the frontal and parietal eye fields (Merriam et al., 2001; Corbetta et al., 1998) , where EI subjects demonstrated significantly greater activation in these regions during saccade generation than healthy controls. The pattern of increased activation in these brain regions during the visually guided saccades task in EI subjects suggests inefficiency and subsequent compensation in regions supporting sensorimotor and attentional control of saccadic eye movements.
F o r P e e r R e v i e w task, EI subjects exhibited a further increase in brain activation during a more cognitively demanding task requiring spatial working memory.
These effects were seen in prefrontal and sensorimotor systems. While previous studies have documented increases in activation on working memory in healthy individuals (e.g., Sweeney, 1996) , the increases in regional brain function observed in EI subjects were enhanced. Thus, even in the context of increased activation on the simpler sensorimotor saccade task (VGS), EI subjects exhibited a further increase in brain activation during a more cognitively demanding task requiring maintenance of spatial information over time to plan and guide saccades after a delay period. Similar to observation in the visually guided saccade control task, this increase in neurophysiological activity may reflect compensatory increases to meet task demands during working memory processes and thus suggest reduced integrity of brain systems supporting working memory processes after electrical trauma.
The pattern of increased activation during working memory tasks has been described in functional imaging studies of patients with traumatic brain injury (TBI; Scheibel et al., 2003; McAllister et al., 2001) . In TBI, this pattern has been postulated to result from diffuse axonal injury that necessitates a more extensive recruitment of neocortical systems to maintain information and behavioral plans over time in working memory or from deficits in the ability to appropriately match processing resources This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. to processing demands (McAllister et al., 2001 ). The working memory task in our study imposed only modest working memory demands, requiring subjects to remember a spatial location over a delay period without distraction, competing cognitive processes or demand for internal manipulation of information to select and plan a response. Thus, EI subjects could show increased activation because increased neuronal activity is required to support these relatively simpler processing demands, or because they have difficulty scaling processing resources to processing demands. Future studies using cognitive tasks that can be varied parametrically are needed to address this issue. Both possibilities are consistent with our observations in EI, and both also indicate the presence of a dysfunction in prefrontal and frontostriatal systems similar to the consequences of TBI.
In contrast to the pattern of increased activation observed on the visually guided saccade and working memory tasks, EI subjects exhibited decreased activation in prefrontal and sensorimotor cortex and striatum during the procedural learning task relative to the sensorimotor control task. In addition to findings in sensorimotor cortex, this decreased activation in EI subjects relative to controls was also observed in frontal systems known to be involved in cognitive aspects of oculomotor control during the visual procedural learning task (e.g., middle frontal gyrus and supplementary eye fields). Learning to perform a predictive saccade task requires the maintenance and retrieval of spatial-temporal information to This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. The presence of increased activation in prefrontal and other systems during the working memory task but decreased activation during the procedural learning task in the same regions suggests an important differentiation of EI effects on brain systems. One possibility is that these task-dependent differences in brain activation may be due to differences in access to compensatory capacities as related to each task. For example, the widely distributed pattern of enhanced activation observed in the EI group during the working memory task may reflect voluntary compensatory attentional or executive processes that are elicited during the working F o r P e e r R e v i e w memory task. In contrast, because learning simple motor sequences involves procedural learning that is more implicit and automatic, enhanced utilization of voluntary executive processes as was seen with the working memory task may be less useful and therefore less used. Therefore, the finding of reduced activation during the procedural learning task in the EI group may reflect inefficiencies in the more automatic processes associated with procedural learning. Importantly, the findings of taskdependent differences in activation also argue against a generalized failure of neuronal activation or in neurovascular coupling in EI as an explanation for the current findings.
As of yet, there is no established neuropathological model to explain how peripheral nervous system electrical exposure could cause neuropsychological and neurophysiological alterations in central nervous system function. The current findings suggest that more translational work in this area is needed to address this issue. Even in the absence of evidence for direct passage of electricity through the brain during the EI, or notable structural abnormalities on MRI, the present findings document alterations in brain functioning after electrical trauma. Considering that demyelinization has been described in peripheral nervous system axons following EI (Lee, 1997) , one possible explanation for these findings could be that transmission of electricity to the brain occurs via the spinal cord. Indeed, electric current has been shown to preferentially travel along myelinated axons (Sances et al., 1981) and it is possible that electric There are some potential limitations to the present study that merit comment. First, in a clinical study of this nature with no pre-EI assessment, it is impossible to fully rule out the possibility that some preexisting factors might be the cause of the observed dysfunctions in EI patients. However, because our study groups were matched on key demographic variables including age and IQ, reasons to suspect such confounds are not strong. Perhaps more importantly, the clinical consequences of EI in terms of psychiatric adjustment and pain were significant, and required treatment with CNS-active medications including primarily antidepressants and pain medications. These medications can impact brain functioning and as such may contribute to our findings.
However, the nature of our findings, including the simple cognitive tasks argue against some general artifact along the lines of a sedating or stimulating effect of these medications on brain activity or blood flow as an explanation for our findings. Moreover, we observed no differences in task performance between the subject groups that could suggest differences in sedation or engagement with the tasks. The high rate of psychiatric morbidity in our EI sample represents another potential confound. While this alternative explanation cannot be ruled-out with complete certainty, neuropsychological effects of mild to moderate depression in young adults are generally modest (Grant et al, 2001) , and studies examining brain activation during working memory tasks in depressed patients suggest task-specific functional abnormalities that are mostly confined to the prefrontal cortex (Harvey et al., 2005) rather than the more widespread abnormalities noted here. Similarly, a review of the few published studies examining brain functioning during working memory tasks in PTSD patients reveals a pattern of reduced activity in frontal and parietal cortices in PTSD subjects (Weber et al., 2005) , whereas our findings indicated increased activation in brain regions involved in working memory. Finally, our findings may not generalize to all EI patients given that we examined a convenience sample of treatmentseeking EI patients, potentially skewing our results toward the clinical range. Additionally, our conservative inclusion and exclusion criteria could limit the generalizability of the current findings.
Notably, while we did not find significant between group differences on standard neuropsychological measures of working memory, our fMRI data indicate functional abnormalities in the neural substrates of spatial working memory following EI. One explanation to the observed discrepancy could be that our sample was not large enough to power a robust statistical analysis of the neuropsychological data. Additionally, fMRI may be more sensitive to the alterations in brain function that can result from EI than standard neuropsychological testing alone. Such a differential ability to detect neurobehavioral deficits would suggest that fMRI and neuropsychological approaches may have different clinical utilities. Given the literature showing increased rates of cognitive complaints among EI patients (Pliskin et al., 1996) , our findings emphasize the need for further evaluation of different assessment approaches for evaluating cognitive functioning following EI and perhaps other forms of brain trauma.
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